Abstract: We show how reconfigurable, self-organizing grating structures can be written in siliconnitride nanophotonic waveguides, using femtosecond pulses. These gratings provide simultaneous phase-and group-velocity matching for efficient broadband second-harmonic generation.
, which, according to the conventional wisdom, prevents their use for nonlinear optical processes like SHG. However, in the 1980s [1] , it was discovered that picosecond pulsed lasers could induce semipermanent, self-organized electric fields in SiO2, creating an effective χ (2) through the interaction of the electric field with χ (3) . Moreover, the direction of the electric field automatically switches with the correct periodicity for QPM of SHG. While this technique provides a simplified method for fabricating QPM materials, the low effective χ (2) of SiO2 limits the conversion efficiency. Recently, the concept of self-organized χ (2) has been reinvigorated through the observation of photo-induced SHG in SiN waveguides [2, 3] . These devices offer strong spatial confinement of the light, scalable fabrication, and a higher effective χ (2) . However, all previous implementations of photo-induced SHG in both SiO2 and SiN were realized under conditions of strong group-velocity mismatch, which limited the phase matching to a narrow bandwidth and precluded the use of femtosecond pulses.
SHG with femtosecond pulses:
We generate ~200-fs, ~1560-nm pulses using a compact Er:fiber laser frequency comb and couple approximately 40 mW (400 pJ) into 12-mm-length, 640-nm-thickness SiN waveguides that have an SiO2 bottom-cladding but air-cladding on the top and sides. After a build-up time of a few tens of seconds, we observe broadband SHG with ~1% total efficiency (Fig. 1c) . Unlike previous studies with SiN that observed SHG to higher order waveguide modes [2, 3] , we do not observe SHG from all waveguide widths that we investigate. Interference between the fundamental and second harmonic fields of an ultrashort laser pulse in a siliconnitride (SiN) waveguide forces positive and negative charges in opposite directions. This induces a static electric field that can persist indefinitely, creating an effective χ (2) grating for quasi-phase-matching SHG. b) SHG microscopy is used to directly image and confirm the periodically modulated self-organized grating. c) Efficient broadband SHG is generated in the fundamental waveguide mode due to simultaneous quasi-phase-matching and group-velocity matching. d) A 640×2000-nm waveguide cross-section modifies the effective refractive index compared to bulk SiN and allows group velocity matching between 1560 nm and the SHG wavelength of 780 nm. Instead, SHG is only seen from waveguides with a width near 2000 nm, where the group-velocity matching condition for SHG to the fundamental waveguide mode is fulfilled (Fig. 1d) . The SHG output spans a broad bandwidth (~60 nm), indicating that group-velocity matching has indeed been achieved.
Observation of nonlinear gratings via SHG microscopy:
To directly confirm the presence of a periodic χ (2) in our waveguides, we employ an SHG microscope to record the first direct images of self-organized nonlinear gratings. The microscope uses 870-nm pulses obtained from a Ti:sapphire oscillator to generate second harmonic light, which is collected in a back-scattering geometry and directed to a photomultiplier tube with a dichroic mirror. An automated galvo-mirror system scans the beam across the chip, orthogonal to the waveguide, to form the image shown in Fig. 1b . While most of the SiN waveguides appear dark, the ones that exhibit strong SHG appear bright, a result of the strong effective χ (2) induced by the semi-permanent electric field. We establish that the observed periodicity of the self-organized χ (2) grating matches the period expected for QPM of 1560-nm SHG. Moreover, we observe that the gratings extend for a total length of 2-6 mm (depending on the waveguide width), and that none of the gratings exhibit any significant change in period along the length, confirming that group-velocitymatching, and not chirped QPM, is responsible for the broad-bandwidth SHG.
Conversion efficiency:
Using an independent CW laser to measure the SHG conversion efficiency across the usable bandwidth, we calculate an effective χ (2) of 0.5 pm/V, in close agreement with [2] . Compared to standard PPLN waveguides with χ (2) = 25 pm/V and 100 µm 2 mode area, our SiN waveguides should achieve better broadband efficiency for pulse durations longer than ~30 fs, given the optimal length for each device, due to groupvelocity matching (Fig. 2a) . In the future, longer SiN waveguides with a more optimized χ (2) , may support nonlinear frequency conversion of low-pulse-energy ultrafast sources, such as microresonator and electro-optic combs.
Frequency comb stabilization: Due to the favorable dispersion engineering enabled by the waveguide geometry, it is possible to simultaneously accomplish χ (2) and χ (3) nonlinear processes in the same waveguide, enabling new applications. For example, an anomalous dispersion profile in the waveguides at the input pulse wavelength allows for soliton compression and spectral broadening through χ (3) interactions. If the incident power is increased to ~60 mW, broadband supercontinuum generation occurs that spectrally overlaps the second-harmonic light (Fig. 2b) . This overlap allows for detection of the laser's carrier-envelope-offset frequency (fCEO) by directly detecting the 780-nm light with a photodiode (Fig. 2c) . We observe fCEO with a signal-to-noise ratio of ~30 dB (Fig. 2d ) and stabilize our frequency comb to the same level achievable with a conventional f-2f interferometer.
Conclusion:
We have demonstrated silicon-nitride nanophotonic waveguides as a system for χ (2) nonlinear optics with femtosecond pulses that preserves the bandwidth and pulse duration of the fundamental source due to groupvelocity matching. This ability is enabled by self-organizing nonlinear gratings that can persist indefinitely but also can be rewritten on-demand by changing the incident optical field. As a result, this platform is poised to enable advanced ultrafast applications, where a single chip may contain thousands of reconfigurable nonlinear optical waveguides.
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